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Genetic Profiles Related to Pathogenesis in Sporadic Intracranial Aneurysm Patients
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BACKGROUND: Intracranial aneurysm (IA) represents a
cerebrovascular disorder that featured by dilation or
bulging of the weakened blood vessel wall. When it rup-
tures, an IA leads to subarachnoid hemorrhage with high
disability and mortality rates. Despite the numerous studies
focusing on IA ruptures, little research on IA pathogenesis
has been reported. In this study, we aimed to reveal key
genes related to IA formation.

METHODS: Four datasets from Gene Expression
Omnibus data were downloaded, normalized, and sepa-
rated into the IA group and the normal vessel control group
for analyses. We screened for differentially expressed
genes (DEGs) between groups and conducted functional
enrichment, pathway enrichment, and gene set enrichment
analysis analyses among significant DEGs.

RESULTS: according to our analyses, significant DEGs
majorly associate with smooth muscle system and the
complement system. Among all DEGs, 5 down-regulated
genes (MYH11, CNN1, MYOCD, ACTA1, and LMOD1) and 3
up-regulated genes (C7@B, C3AR1, and VSIG4) are most
relevant in IA formation.

CONCLUSIONS: Key DEGs identified in this study are
related to IA pathogenesis. Among identified DEGs, LMOD1
is the most significant and merits more attention.

INTRODUCTION

ntracranial aneurysms (IAs), characterized by weaknesses in

the endothelial layer and dilatations of intracranial arteries, is

a leading cause of subarachnoid hemorrhage and thus is
associated with morbidity and mortality rates.” Therefore, surgical
or interventional coiling is recommended to treat IAs.” The
worldwide incidence rate of IAs is approximately 3.2%; most IAs
will not rupture or cause subarachnoid hemorrhage, however.?

Smooth muscle cells (SMCs) play pivotal roles in the formation,
progression, and rupture of IAs.* SMCs in the cerebral artery wall
have 2 major functions: mediating the synthesis and turnover of
extracellular matrix proteins necessary to sustain the integrity of
vessels in structure, and regulating luminal diameter to increase
or decrease blood flow. The loss of SMCs is characteristic in
arterial remodeling before IA formation and rupture.®
Although microarray sequencing technologies have powerfully

expanded our understanding of tumor biology, much less research
has focused on the genetic pathogenesis of IAs compared with
intracranial tumors. In this study, converging data from online
databases, we focused mainly on genetic profiles of patients with
IAs to look for potential genetic genes involved in the pathogen-
esis of IA.

MATERIALS AND METHODS

Analysis Overview

In this study, 4 IA datasets were downloaded and reanalyzed:
GSE75436, GSE6551, GSE26969, and GSE13353 (platform GPLs570)
from the National Center of Biotechnology Information Gene
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Figure 1. Study flowchart.
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Expression Omnibus, the most widely acknowledged gene
expression resource for scientific community submitted data. All
samples in these datasets were from either cadavers or human
patients obtained with proper consent. Once the 4 datasets were

normalized to eliminate batch effects, they were divided into
2 groups, the IA group and the control group. Differentially
expressed genes (DEGs) between IAs and control arteries were
screened using R software (R Foundation for Statistical
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Figure 2. Differentially expressed gene (DEG) expression. (D) Volcano plot for the DEGs. A total of
screening. (A) Basic information of included datasets. 114 DEGs were screened out with a threshold of P < 0.
(B) Boxplots of normalized data. (C) Heat map showing 05 and an absolute value of FC >1.5. Red plots are
the expression profiles of DEGs, with a gradual change up-regulated genes; blue plots are down-regulated
in color from red to green indicating high to low genes.

Computing, Vienna, Austria). Once DEGs were identified, func-
tional and pathway enrichment analyses, gene set enrichment
analysis (GSEA), and protein—protein interaction (PPI) network
analysis were used to evaluate connections among DEGs and
determine DEG interactions on the molecular level (Figure 1).

Microarray Data Preprocessing and DEG Screening

Because GSE75436, GSE6551, GSE26969, and GSE13353 are from
the same platform, raw data were merged and normalized, and a
batch effect was removed using the SVA package.® Probes without
a corresponding gene symbol were then filtered out, and the
average value of the gene symbols were calculated with multiple
probes. Between the 2 groups, the Linear Models for Microarray
Data Analysis (limma) package’ was used to screen the DEGs.
Threshold values were set as P < o0.05 and absolute value of
logFC >1.5.

Functional Analysis of DEGs

Today, the most widely trusted gene function knowledge bases are
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG). In this study, we used the clusterProfiler package®
to analyze function profiles of genes and gene clusters to identify
major biological functions of genes. All DEGs went through

KEGG pathway analyses and GO analyses, including biological
process, cellular component, and molecular function using
clusterProfiler.

GSEA

GSEA helps determine whether distinct sets of genes have sig-
nificant differences using computational methods. We performed
GSEA analysis using the R package clusterProfiler. Differences
were considered statistically significant at |[NES| >1, nominal P
< 0.05, and false discovery rate q value <o.25. Then the genes
were evaluated with the clusterProfiler package to analyze GO
biological process and the KEGG pathway. The cutoff value for
significant enrichment was set at P < 0.05.

PPI Analysis

To examine the function of genes at the protein level and to
explore the core genes involved in cellular processes of IA for-
mation, STRING (Search Tool for the Retrieval of Interacting
Genes/Proteins; http://string-db.org/) was used to look for
experiment-validated PPIs among the common DEGs and develop
networks for annotation of structural and functional properties of
the proteins. In PPI analysis, the threshold of confidence score
>0.4 was set to be default. We used a k-core analysis to assess
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Figure 3. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses of common differentially expressed
genes (DEGs) in the IA group. (A) GO enrichment in biological function with
the top 10 terms. (B) GO enrichment in the cellular component with the top
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10 terms. (C) GO enrichment in molecular function with the top 10 terms.
(D) KEGG pathway enrichment analysis of common DEGs with the top 10
terms. (E) Venn diagram showing overlap in GO biological process. (F) Venn
diagram displaying overlap in the KEGG pathway analysis.

important subnetworks that were created by recursively removing
vertices with degrees less than k from the network. The results
were visualized using Cytoscape software, and the MCODE
package was adopted to search for clusters within the PPI
network.

RESULTS

Data Preprocessing and DEG Screening
In total, we recruited 42 cases of IAs and 18 cases of normal arteries
as controls (Figure 2A). Similar distributions were seen in

normalized data after preprocessing, supporting the reliability of
our data (Figure 2B). On filtering with the limma package, 43 up-
regulated genes and 71 down-regulated genes were recognized
(Figure 2C). To obtain a full picture of different gene expressions in
all cases, we drew a volcano plot (Figure 2D). The threshold was set
to be P < 0.05 and absolute value of FC >1.5, with up-regulated
genes in red and down-regulated genes in green.

Functional Analysis of DEGs
We examined the functions of DEGs to gain insight into disease
progression in IAs. GO analysis and KEGG pathway analysis were
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Figure 4. Gene Set Enrichment Analysis (GSEA) and
protein—protein interaction (PPI) network. (A) GSEA
biological process results. (B) GSEA differentially
expressed gene (DEG) Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway results. The threshold
of GSEA is set to be [NES|>1, nominal P < 0.05, false
discovery rate g value <0.25. A score <0 represents
higher expression in the normal vessel group. (C) The
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common DEG network constructed using STRING
software using MCODE 1. (D) The common DEG
network constructed using MCODE 2. (E) Five
down-regulated DEGs in red, presented separately. (F)
Three up-regulated DEGs in yellow, presented
separately. In the PPl network, a threshold of
confidence score >0.4 was calculated for all proteins.

used to sort out DEGs. Among GO biological processes, the most
overrepresented are muscle system process, muscle contraction,
muscle cell differentiation, and the like. In the GO cellular
component, the most enriched are proteinaceous extracellular
matrix, contractile fiber, and so on. In GO molecular function,
structural constituent of muscles and the cytoskeleton are notable
(Figure 3A—C). In the KEGG pathway analysis, DEGs were notably
enriched in complement and coagulation cascades, vascular
smooth muscle contraction, the calcium signaling pathway, and
others (Figure 3D). Venn diagrams were used to present the
overlapping relationships in biological processes and KEGG
pathway results (Figure 3E and F).

GSEA

In GSEA biological processes results (Figure 4A), complement
activation and complement receptor mediated signaling pathway
showed higher expression in the IA group, whereas smooth
muscle contraction and vascular smooth muscle cell
proliferation were more frequent in the normal vessel control

group. In GSEA KEGG results (Figure 4B), vascular smooth
muscle contraction was more enriched in the normal blood
vessel group, whereas complement and coagulation cascades,
protein digestion and absorption, and protein processing in the
endoplasmic reticulum were increased in the IA group. Detailed
GSEA results are presented in Table 1.

PPI Network of the Common DEGs

The online STRING database was recruited to construct the PPI
network. The medium confidence score (0.4) was set to evaluate
PPIs of the DEGs. The PPI network included so nodes and 60
edges. We used MCODE to analyze the network and came to 2
cluster results named MCODE 1 and MCODE 2. In MCODE
analysis 1, 5 DEGs (MYH11, CNN1, MYOCD, ACTA1, and LMOD1)
were down-regulated in IA patients (Figure 4C—E, marked in red);
in MCODE 2, 3 DEGs (C1QB, C3AR1, and VSIG4) were up-regulated
in these patients (Figure 4D—F, in yellow). Identified key genes
and respective biological functions are presented in Table 2.
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Table 1. Details of Gene Set Enrichment Analysis Results

ID Description Set Size Enrichment P Value
G0:1990874 Vascular smooth muscle cell proliferation 36 —0.57 0.012
G0:0006939 Smooth muscle contraction 99 —0.50 0.004
(0:0006956 Complement activation 78 173 0.002
(0:0002430 Complement receptor—mediated signaling pathway 10 172 0.012
hsa04270 Vascular smooth muscle contraction 12 -2.17 0.002
hsa04610 Complement and coagulation cascades 77 1.82 0.002
hsa04974 Protein digestion and absorption 85 179 0.002
hsa04141 Protein processing in endoplasmic reticulum 157 1.35 0.021
DISCUSSION macrophages, is blurred. SMC phenotypic modulation to an

In contrast to terminally differentiated muscle cells, such as
skeletal and cardiac muscle cells, vascular SMCs exhibit significant
plasticity in response to injury and inflammation.®"* The pheno-
type of SMCs is not persistent’’; under certain conditions, SMCs
can have phenotype alteration from contraction-related functions
to a proinflammatory and matrix remodeling phenotype.””** This
critical process is a key foundation of IA pathology.’ Once altered,
the border between SMCs and inflammatory cells, such as

inflammatory state may promote IA."* In extreme situations,
such as endothelial cell injury and arterial wall inflammation,
SMCs dedifferentiate.® Specifically, SMCs undergo phenotypic
modulation from a differentiated phenotype related mainly to
contraction to an undifferentiated proinflammatory pro—matrix
remodeling phenotype.”>"> With immunohistochemistry, pheno-
typic modulation of SMCs was confirmed in IA walls.”® Driven
by tumor necrosis factor o, the expression of contractile

Table 2. Information of 8 Key Genes

Gene Symbol Gene Title P Value Log FC Related Biological Process
MYH11 Myosin heavy chain 11 4.71e-06 -1.70 (0:0006936 muscle contraction
(0:0006939 smooth muscle contraction
(0:0048251 elastic fiber assembly
CNNT Calponin 1 1.95e-06 —1.98 (G0:0006940 regulation of smooth muscle contraction
(0:0031032 actomyosin structure organization
(G0:1904706 negative regulation of vascular smooth muscle cell proliferation
MYOCD Myaocardin 4.33e-05 —2.06 (G0:0045987 pasitive regulation of smooth muscle contraction
(0:0051152 positive regulation of smooth muscle cell differentiation
(0:1900239 regulation of phenotypic switching
ACTAT Actin alpha 1 7.09e-07 —2.21 (0:0006936 muscle contraction
(0:0009991 response to extracellular stimulus
(0:0030049 muscle filament sliding
LMOD1 Leiomadin 1 2.91e-07 —1.91 (0:0006936 muscle contraction
(0:0030239 myofibril assembly
(0:0030838 positive regulation of actin filament polymerization
C10B B-chain of complement 6.67e-04 1.64 (50:0006508 proteolysis
component 1q (0:0006958 complement activation, classical pathway
(G0:0045087 innate immune response
C3AR1 Complement component 3a 5.03e-06 1.61 (0:0002430 complement receptor mediated signaling pathway
receptor 1 (0:0006954 inflammatory response
(G0:0030449 regulation of complement activation
VSIG4 V-set and immunoglobulin-domain 2.42e-04 1.60 Complement activation, alternative pathway (G0:0006957)
containing 4 Negative regulation of interleukin-2 production (G0:0032703)
Negative regulation of macrophage activation (G0:0043031)
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genes/proteins, such as smooth muscle myosin heavy chain
(SM-MYH), was significantly decreased in IA samples compared
with control cerebral arteries.”®™® These data show that SMCs
play an important role in initiating or at least promoting the in-
flammatory and degenerative response that drives IA formation.

In this study, to recognize possible genes related to IA patho-
genesis, we compared microarray data in IAs and normal blood
vessels. In the IA samples, 114 DEGs were screened out. The
enrichment analysis demonstrated that DEGs were primarily
enriched in biological processes, including muscle cell develop-
ment, differentiation, and contractile function. In GO cellular
component enrichment analysis, the most enriched component
was proteinaceous extracellular matrix, whereas in GO molecular
function analysis, it was structural constituent of muscle. In KEGG
pathway analysis, DEGs were enriched in vascular smooth muscle
contraction.

To provide evidence from another perspective, we performed
GSEA in our dataset. Complement coagulation cascades, protein
digestion and absorption, and protein processing in endoplasmic
reticulum were enriched in the IA group. These processes may
relate to SMCs’ phenotypic modulation into a promatrix type.
Meanwhile, vascular smooth muscle contraction, having a nega-
tive running enrichment score, was more enriched in the normal
blood vessel group. The result indicates the importance of smooth
muscle contraction in preventing aneurysm pathogenesis. Also,
complement activation and the complement receptor-mediated
signaling pathway were enriched in the IA group with a positive
enrichment score, whereas smooth muscle contraction and
vascular smooth muscle cell proliferation were enriched in the
control group. These results also suggest that increased inflam-
mation and decreased smooth muscle function are involved in IA
pathogenesis. Our findings are in accordance with previously re-
ported data on the role of vascular SMCs in IAs pathogenesis.

Here we further discuss the 8 key genes (MYH11, CNN1, MYOCD,
ACTA1, LMOD1, CiQB, C3AR1, and VSIG4), starting with the
decreased ones. MYHi1, belonging to the myosin heavy chain
family, was found to be down-regulated in IAs process in our
study. The myosin heavy chain family, including the aforemen-
tioned SM-MYH, is reportedly crucial in many diseases, including
IAs."®72° In 3 DNA methylation study using DNA microarray data
analysis, MYH11 was reportedly associated with the occurrence and
development of IAs.*" In another case report, a 6-month-old girl
with a MYH11 mutation was reported to have rapid de novo
aneurysm formation after clipping of a ruptured middle cerebral
artery aneurysm.”” These studies support the idea that MYH11 is
important in the pathogenesis of IAs. Calponin 1 (CNN1)
encoded by the CNN1 gene is an actin filament-associated regu-
latory protein specifically expressed in differentiated mature
SMCs, suggesting a function in contraction.”> During postnatal
development, CNN1 is up-regulated in smooth muscle tissues.**
There has been little research on CNN1 and IAs to date. One
study focusing on DPolycystin-1 (PC1) showed that PCr
down-regulation in vascular smooth muscle cells promotes the
expression of CNN1 protein, which may be a key pathophysio-
logical factor in vascular diseases.” Myocardin (MYOCD) is a
smooth muscle and cardiac muscle-specific transcriptional

coactivator of serum response factor.** MYOCD has an important
during postnatal development, and a lack of MYOCD in SMCs
induces endoplasmic reticulum stress, autophagy, and
apoptosis.”” One study showed that MYOCD can be targeted by
miR-g, and the dysregulation of miR-g can lead to IAs.*® In
another study, MYOCD was identified as a key regulator of
vascular SMC contractility and a crucial factor in IA
progression.” Known to cause muscle formation, ACTA1 is
expressed mostly in skeletal muscle.>* Meanwhile, a vascular
SMC-specific isoform of actin alpha (ACTA2) causes a variety of
vascular diseases, including thoracic aortic aneurysm and dissec-
tion, premature coronary artery disease, stroke, and moyamoya
disease®'; however, the role of ACTA2 in IAs remains controversial.
LMOD: is preferentially expressed in vascular and visceral SMCs.>*
Loss of LMOD1 results in a reduction of filamentous actin,
elongated cytoskeletal dense bodies, and impaired intestinal
smooth muscle contractility.”® LMOD1 and MYHmn1, both highly
specific contractile genes for smooth muscle lineages, have been
associated with megacystis microcolon intestinal hypoperistalsis
syndrome.*>3* Considering the important role of MYH11 in the
pathogenesis of IA, it is reasonable to hypothesize that the loss of
LMOD1 has a role in IA pathogenesis as well. However, no direct
study focusing on the association between LMOD1 and IA has been
reported to date.

Our analysis identified 3 up-regulated genes: C1QB, C3AR1, and
VSIG4. C1QB encodes the B-chain of complement component 1q
(C1q), a protein complex involved in the complement system.*
C3AR1 encodes the complement component 3a receptor I
(C3AR1), a G protein—coupled receptor protein involved in the
complement system.>® The v-set and immunoglobulin-domain
containing 4, a protein encoded by VSIG4, relates structurally to
the B7 family of immune regulatory proteins and is a receptor for
the complement component 3 fragments C3b and iC3b.*” VSIG4
binds to the C3b/iC3b and activates macrophage immunity.>®
Increased expression levels of C1QB, C3AR1, and VSIG4 are related
to an enhanced complement system.

In summary, SMC phenotypic modulation from a contractile
state to a proinflammatory state is a key step in forming IAs. As
supported by our GSEA study, this process can be characterized by
decreased expression of SMC contractile genes and increased
expression of proinflammatory, pro—matrix remodeling genes. By
analyzing data from multiple datasets, we found 5 down-regulated
genes (MYH11, CNNi, MYOCD, ACTA1, and LMOD1) related to
contractibility or stability of SMCs, along with 3 up-regulated
genes (C1QB, C3AR1, and VSIG4) involved in complement system
regulation. The key genes that we have identified here are in
accordance with the prevailing SMC phenotypic modulation the-
ory. Notably, given the reported association between a MYH11
mutation and de novo aneurysm formation, this relationship be-
tween MYH11 and IA merits further investigation. Moreover,
because LMOD1 and MYH11 have been reported to play roles in
megacystis microcolon intestinal hypoperistalsis syndrome,
LMOD1 may have a more significant role in the pathogenesis of IA
compared with other DEGs.

This study has identified potential genes that may play crucial
roles in IA pathogenesis, but is limited by the lack of basic research
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verification, owing to limited resources. In addition, the results are
biased to some extent, because the database that we used did not

provide any clinical features, such as age, sex, different types of
aneurysms, and so on. It is possible that IA samples can be further

stratified into separate groups based on clinical characteristics,
especially by type of aneurysms (e.g., blood blister-like aneurysm).
Therefore, further research focusing on the aforementioned key
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